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ABSTRACT

The objective of this study is to investigate the fluoride removal efficiency of pure ferric
hydroxide from aqueous solutions. The sample was synthesised through wet chemical route
at optimised experimental conditions and was characterised by chemical, morphological and
textural properties using transmission electron microscope, thermo gravimetry, X-ray
diffraction, Brunauet–Emmett–Teller surface area and Fourier transform infrared spectros-
copy techniques. Studied operational variables for batch adsorption were pH, contact time,
initial F� concentration, solution temperature and presence of foreign ions (chloride, sul-
phate, phosphate, arsenate, nitrate and carbonate in the concentration range of 0–25mg/L).
The kinetic data revealed that the adsorption of fluoride onto ferric hydroxide is a complex
process involving surface adsorption along with ion exchange and interparticle diffusion as
the rate-determining step. The equilibrium data fitted to both Langmuir and Freundlich
isotherm models. The post-surface characterisation studies of fluoride adsorbed ferric
hydroxide showed significant changes, and suggest the formation of new complexes on
adsorbent surface. The regeneration (75–80%) and fluoride-contaminated groundwater
treatment studies at natural pH are discussed in detail.
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1. Introduction

Fluoride exists in many forms, and the harmful
nature of the fluoride is contingent upon the type of
fluoride it is. Depending on its concentration, the fluo-
ride in drinking water is known for both beneficial
and detrimental effects on health, particularly to
infants and young children. The toxicity of fluoride on
human health is well documented [1]. According to
the WHO guidelines and recommendations, in the
areas with a warm climate, the optimal fluoride

concentration in drinking water should remain below
1mg/L, while in cooler climates it could go up to
1.2mg/L. The differentiation derives from the fact
that people perspire more in hot weather and conse-
quently drink more water [2]. The Indian Standards
for drinking water recommended maximum permissi-
ble limit of 1mg/L and the maximum tolerance limit
as 1.5mg/L for potable water [3].

The conventional approaches for fluoride removal
include chemical precipitation, ion exchange, adsorp-
tion, electro-dialysis, Donnan dialysis and reverse
osmosis [4–7]. Among all these methods, adsorption
technique is economically favourable and technically*Corresponding author.
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feasible to remove fluoride from aqueous solutions as
the requirement of operative controls are minimal [8].
Activated alumina is one of the most widely used
adsorbents for fluoride removal in the drinking water
treatment due to its high affinity as aluminium ion
can form inner-sphere complexation [9]. However,
high activation cost and low adsorption capacity for
fluoride by activated alumina inhibits its application.
In this regard, lot of research work is going on to find
out alternate, cost-effective and environment friendly
adsorbent materials for fluoride removal from water
[10–13].

Under the right conditions, iron oxides are strong
adsorbents of anionic complexes such as AsO4

3�,
CrO4

2� and PO4
3� and organic molecules such as pesti-

cides and humic or fulvic acids [14–17]. The granular
hydrous ferric oxide plays an important role for the
removal of anions from aqueous solutions [18].
Though attempts were made by different researchers
for fluoride removal studies on hydrous ferric oxide
[19] and activated ferric hydroxide [20], complete
adsorption and desorption studies were not carried.
The mixed iron oxide nano powder containing differ-
ent phases (goethite (a-FeOOH), hematite (a-Fe2O3)
and ferrihydrite (Fe5HO8·4H2O)) synthesised through
CTAB surfactant mediation-precipitation route was
also tested for fluoride removal studies [11]. Similarly,
iron oxide nano powders synthesised through micro-
emulsion route has demonstrated high adsorption
capacity for fluoride from aqueous solutions [21].
Though iron oxide-based adsorbents prepared
through above said methods show high surface area
and high adsorption capacities for fluoride, simple
methods of preparation and low cost are always pre-
ferred. The desirable characteristics of any adsorbent
for defluoridation process are cost effectiveness, easy
handling, fast kinetics, high adsorption capacity and
reusability. The adsorption potential of iron oxides/
hydroxides/oxy-hydroxides by adsorption or by
incorporation within the bulk depends on their
behaviour during three major stages; their initial
formation by precipitation or co-precipitation, their
transformation to a more stable phase, and their
susceptibility to dissolve or to ex-solve incorporated
trace components.

In the present study, pure ferric hydroxide was
synthesised under optimised experimental conditions
by simple wet chemical method. The material was
characterised and investigated for its fluoride removal
efficiency from water by conducting batch adsorption
and desorption experiments. The material was then
tested for fluoride removal from groundwater samples
at natural pH conditions and the results are
discussed.

2. Experimental methods

2.1. Materials

The chemicals used in the preparation of ferric
hydroxide were as follows: Fe(NO3)3·9H2O and KOH.
For fluoride adsorption and desorption experiments,
stock fluoride solution (100mg/L) was prepared by
dissolving sodium fluoride (NaF) in double-distilled
water. For adjusting solution pH, dilute alkali or
dilute acid were used. SPADNS reagent (sodium 2-
(para sulfo phenyl azo)-1,8-dihydroxy-3,6-naphthalene
disulfonate) and zirconyl oxychloride were used for
fluoride estimation by colorimetric method. All these
chemicals were of GR (guaranteed reagent) grade and
procured from E. Merck, India. Double-distilled water
was used for preparation of the solutions and wash-
ing/rinsing purpose.

2.2. Synthesis of Fe(OH)3

For the synthesis of ferric hydroxide, required
amount of 0.1M iron (III) nitrate (Fe(NO3)3·9H2O)
solution was neutralised by dropwise addition of 1M
KOH solution under constant stirring till pH 7.5 was
attained, and then contents were stirred for an hour
and allowed to settle. The supernatant solution was
separated and the precipitate was washed repeatedly
with warm double distilled water in a centrifuge at
7,000–8,000 rpm. The supernatant solution was ana-
lysed for Fe content by atomic absorption spectropho-
tometer in order to check the completion of
precipitation. The synthesised precipitate was dried in
a hot air oven at 60˚C until it was completely dried.
The material was then powdered and stored in an air-
tight container for further studies.

2.3. Characterisation studies

The X-ray diffraction (XRD) patterns of the sample
were taken by using P Analytical, model-X’ pert PRO
PW-3040/60 with Mo Ka radiation at a scan speed of
1.2˚min�1 over a range of 5–50˚. The TEM analysis of
the sample was carried out on transmission electron
microscope (TEM), model TECNAI G2, FEI, the
Netherlands. For Fourier transform infrared (FTIR)
spectra, Varian-Australia, model 800 spectrophotome-
ter was used. The weight loss measurements were car-
ried out thermo gravimetrically (TG, Metler Toledo
TGA/SDTA 821e, Switzerland) in dry air at a heating
rate of 20˚C/min. All the pH measurements were
carried out using Consort digital pH meter (model
231). The pHpzc of the prepared sample was deter-
mined by solid addition method [22]. Fluoride was
analysed following SPADNS method using Thermo,
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water analyser spectrophotometer model AquaMate
[23].

2.4. Fluoride adsorption and desorption studies

Fluoride adsorption experiments were conducted
by batch equilibrium method. A 100mg/L fluoride
stock solution was prepared by dissolving 0.221 g of
NaF in 1L of double-distilled water. The experimental
solutions were prepared by appropriate dilutions of the
above solution. A 0.025 g of the sample was taken in a
100mL polyethylene plastic vial and 50mL of fluoride
solution of known concentration was added. The
solutions pH was adjusted to desired values by using
0.01N HCl or NaOH. The contents were kept for
constant shaking in a temperature-controlled Julabo
water bath shaker over a period of time and the solids
were separated by centrifuging at 5,000 rpm by (REMI)
centrifuge. The solutions were collected for analysis
and fluoride concentration in the solutions was
determined. The adsorption capacity X (mg/g) of the
adsorbent was calculated from the following equation
X ¼ ðCi � CeÞ=CA; where Ce is the residual concentra-
tion reached at equilibrium state (mg), Ci is initial fluo-
ride concentration (mg) and CA is the adsorbent
concentration (g). For the desorption experiments,
known amount of fluoride loaded ferric hydroxide
sample was treated with 50mL of NaOH at different
molar strengths (0.1–0.5M) for 8 h in a temperature-
controlled water bath shaker. The contents were
separated and fluoride content in the solution was esti-
mated by following the above-mentioned procedure.

3. Results and discussion

3.1. Characterisation of amorphous Fe(OH)3

The chemical analysis of the prepared ferric
hydroxide showed Fe content of 56%. The estimated
Brunauet–Emmett–Teller (BET) specific surface area
was 231m2/g. This value is well comparable with the
reported values in the literature, which are in the
range of 160–230m2/g and were classified as amor-
phous FeOOH [24]. The pHPZC of the sample was 4.8,
which is much lower than the reported values for
amorphous hydrous ferric oxide [22]. The literature
values for point of zero charge have shown variation
from 6.7 to 9.3. This may be due to method of
preparation and conditions applied, which has great
influence on the chemical, structural and physical
properties of the iron oxides.

The TEM image of ferric hydroxide is shown in
Fig. 1, which reveals that the particles are in micron
range and irregular in shape and size.

The TG-DTA traces of the prepared sample are
shown in Fig. 2. The sharp endothermic peak at <100˚
C indicates the evaporation of physically bound water
from the surface. The total weight loss observed was
around 20%, and phase transformation of Fe(OH)3 to
a-Fe2O3 was observed near 400˚C. The XRD analysis
of the prepared ferric hydroxide is shown in Fig. 3(a),
and it is clear that the material is poorly crystalline
and showed two small peaks at 2h values of 15.93 and
27.61 with the corresponding “d” spacing values of
2.53 and 1.48A˚. The “d” spacing values match well
for Ferric hydroxide (JCPDS No. 22-0346). The XRD of
fluoride adsorbed ferric hydroxide is given in Fig. 3(b)
which shows significant changes in the pattern. The

Fig. 1. TEM image of pure ferric hydroxide.

Fig. 2. Thermo gravimetric analysis (TGA) of ferric
hydroxide sample.
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appearance of new peaks on the ferric hydroxide
surface indicates the formation of new complex (FeF3).
The fluoride loaded ferric hydroxide showed seven
peaks at 2h values of 9.64, 16.70, 18.10, 20.24, 23.73,
28.16, 31.81 and 39.12 with the corresponding “d”
spacing values of 4.22, 2.44, 2.25, 2.02, 1.72, 1.46, 1.29
and 1.06A˚. The values match well with JCPDS No.
02–0327 and indicate the FeF3 formation on ferric
hydroxide surface.

3.2. Fluoride adsorption at different solution pH

Effect of solution pH on fluoride adsorption
capacity of Fe(OH)3 sample was studied by taking
25mg of adsorbent in 50mL of 20mg/L fluoride
solution for 4 h. The pH range studied was from 2.5 to
9.0. The results shown in Fig. 4 indicate that the fluo-
ride adsorption is favoured at low pH values and
maximum adsorption was observed at around pH 4.
Similar observations were reported for fluoride
adsorption onto iron containing synthetic oxy/hydrox-
ides [25]. The pH-dependent interactions and most
probable mechanisms of fluoride on metal oxide/
hydroxide surface have been well discussed by many
researchers [8,26]. The most probable mechanisms for
fluoride adsorption on metal oxide/hydroxide surface
can be depicted as [27]:

In acidic conditions,

M:xH2OðsolidÞ þ F�
ðaqÞ $ M:ðx� 1ÞH2O:HþF�

ðsolidÞ

þOH�
ðaqÞ ð1Þ

In basic conditions,

M:xH2OðsolidÞ þ Xþ
ðaqÞ þ F�

ðaqÞ

$ M:ðx� 1ÞH2O:OH�XþF�
ðsolidÞ þHþ

ðaqÞ ð2Þ

where M is metal (iron) oxide and X+ represents
cationic species associated with F�.

At a pH of 2–3, low fluoride removal may be due
to the formation of the weakly ionised HF (pKa= 3.2).
With increase in pH, fluoride removal increased and
reached a maxima at pH 4. Further increase of pH
resulted in decrease of fluoride adsorption which may
be due to the competition of the hydroxyl ions with
fluoride for surface sites or electrostatic repulsion of
fluoride ion to the negatively charged surface. How-
ever, ferric hydroxide showed considerable adsorption
in the pH range of 6–7 indicating the involvement of
hydroxyl ions in fluoride removal. The adsorption
mechanism of fluoride on the metal oxide surfaces
was studied by many researchers and was noticed as
a complicated phenomena. The nonspecific adsorption
involves the columbic forces, and mainly depends on
the pHpzc of the adsorbent [22]. Since the zero point
of surface charge on adsorbent is at pH 4.8, some
hydroxyl groups are protonated at this pH, and they
may adsorb anionic fluoride through electrostatic
attraction. At the same time, some unprotonated

Fig. 3. XRD pattern of (a) ferric hydroxide sample
prepared by co-precipitation method and (b) fluoride
loaded sample.

Fig. 4. Effect of solution initial pH on fluoride adsorption
capacity by using amorphous ferric oxide and pHPZC plot
(fluoride concentration: 20mg/L, adsorbent: 0.5 g/L,
temperature: 30˚C, time: 4 h).
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hydroxyl groups can still exchange with fluoride,
resulting in the release of HO� and increase of solu-
tion pH. At higher pH beyond the isoelectric point
where surface is negatively charged, only anion
exchange between fluoride and hydroxyl groups is
involved in the adsorption, and there by its adsorp-
tion capacity decreases.

3.3. Adsorption kinetic study

The effect of contact time was studied up to 4 h at
different initial fluoride concentrations of 10, 20 and
30mg/L. Fig. 5(a) shows a plot between contact time
and fluoride adsorbed with time (qt). It was observed
that the time to achieve equilibrium is independent of
fluoride initial concentration. Fluoride uptake was
rapid initially, followed by a slower removal rate that
gradually reached to an equilibrium condition. Almost
90% of the fluoride adsorption is achieved in the ini-
tial 60min, and the equilibrium was observed within
120min in all the cases.

Most widely used and simplified kinetic models
namely pseudo-first-order and pseudo-second-order
models have been used to study the rate and kinetics
of the fluoride adsorption on ferric hydroxide surface.
The linear form of pseudo-first-order rate expression
of Lagergren equation is given as

logðqe � qtÞ ¼ log qe � k1
2:303

t ð3Þ

where qe and qt are the amounts of fluoride adsorbed
on adsorbent (mg/g) at equilibrium and at any time t
(min) respectively. The plots of log (qe� qt) versus t at
a fixed adsorbate and adsorbent dose, pH and
temperature resulted in a straight line with good
correlation coefficients (>0.98), which indicated
applicability of the Eq. (3) and first-order kinetics as
shown in Fig. 5(b). The rate constant k1 and qe (calcu-
lated) values were determined from the slope and the
intercept of the plots and are given in Table 1. It is
observed that though the correlation coefficients are
high, the experimental and calculated qe values show

Fig. 5. (a) Effect of contact time on fluoride adsorption onto ferric hydroxide at different initial fluoride concentrations,
(b) Lagergren plots, (c) second-order kinetics plots and (d) intraparticle diffusion plots (pH: 4, adsorbent: 0.5 g/L,
temperature: 30˚C).
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considerable deviations; hence, the data was fitted to
pseudo-second-order model, which is given as:

t

qt
¼ 1

k2q2e
þ 1

qe
t ð4Þ

where qe and qt have the same meaning as mentioned
above, and k2 is the rate constant for the pseudo-sec-
ond-order kinetics. The plots of t=qt versus t are shown
in Fig. 5(c). In this case, the experimental qe values are
close to the ones predicted by the pseudo-second-order
model indicating good fitting of the model.

Internal diffusion is an important mass transfer pro-
cess during the removal of inorganic ions by porous
metal oxides/hydroxides. For the rate constant of
intraparticle diffusion, the equation can be written as

qt ¼ ki
ffiffi

t
p

ð5Þ

where ki is intraparticle diffusion rate constant
(mg/min1/2). In this study, possibility of existence
of intraparticle diffusion was tested by plotting the
graph between amount of fluoride adsorbed and
square root of time. The double nature of these
plots as shown in Fig. 5(d) may be explained as:
the initial curve portions are attributed to boundary
layer diffusion effect, while the final linear portions
are due to intraparticle diffusion effect [28]. The
rate constant for intra-particle diffusion coefficient
ki, was determined from slopes of linear portion of
the respective plots. The linear portions of the
curves do not pass the origin, this indicates that
mechanism of fluoride removal on adsorbents is
complex and, both the surface adsorption as well as
intraparticle diffusion contribute to the rate-deter-
mining step [29]. The adsorption kinetic model
parameters obtained from the above plots are also
given in Table 1.

3.4. Adsorption isotherm study

The most widely employed models Langmuir and
Freundlich model were used to describe the equilib-
rium relationship between the adsorbent and the
adsorbate. The equilibrium data obtained for initial
fluoride concentration variation from 5 to 30mg/L on
fluoride adsorption capacity were plotted in respective
linearised forms of Langmuir and Freundlich adsorp-
tion isotherms

Ce
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log qe ¼ logKF þ 1

n
logCe ð7Þ

where Ce is equilibrium concentration (mg/L), qe is
the amount adsorbed at equilibrium (mg/g), Qo

is adsorption capacity for Langmuir isotherm and “b”
is an energy term which varies as a function of
surface coverage strictly due to variations in the heat
of adsorption. The Freundlich constant, “n” indicates
the degree of favourability of adsorption and KF is the
isotherm constant [29]. The adsorption data of fluoride
on ferric hydroxide fitted to both Langmuir and
Freundlich isotherm models as shown in Figs. 6 (a)
and (b). The calculated Langmuir isotherm parameters
Qo was found to be 35.48mg/g and “b” has value of
0.20 L/mg, which indicates a low heat of adsorption.
The Freundlich isotherm parameters KF and “n” were
found to be 7.63 and 2.17 respectively. The “n” values

indicate the bond strength between adsorbate and
adsorbent and heterogeneous nature of the ferric
hydroxide surface. Some of the Langmuir adsorption
capacities of iron based adsorbents reported in the lit-
erature are compared with amorphous ferric hydrox-
ide in Table 2 and the synthesised ferric hydroxide
showed much better capacity than the reported iron-
based adsorbents.

3.5. Effect of competing anions

The presence of other anions on fluoride
removal efficiency of ferric hydroxide was studied
by taking chloride, sulphate, phosphate, arsenate,
nitrate and carbonate (0–25mg/L). Results are
reported graphically in Fig. 7. It was found that the
anions like sulphate, arsenate, and phosphate exert
strong interference on fluoride adsorption while the

Fig. 6. (a) Langmuir adsorption isotherm and (b) Freundlich adsorption isotherm.

Table 2
Comparison of fluoride adsorption capacities of different iron based materials from the literature

Sl.
No.

Adsorbent Adsorption capacity
(mg/g)

Initial [F�], mg/
L

Eq. time,
h

pH Reference

1 Iron(III)-tin(IV) mixed oxide 10.47 10–50 2 6.4 [34]

2 Hydrous Ferric Oxide 16.5 1–1,000 1 4.0 [20]

3 GFH⁄⁄ 7 1–100 24 6–
7

[21]

4 Fe(III) loaded carboxylated chitosan
beads

4.23 11–17 0.67 7 [35]

5 Magnetic-chitosan particles 22.49 5–140 2.5 7 [10]

6 Fe(III)-loaded ligand exchange
cellulose

18.55 10–200 8 4–
9

[36]

7 Synthetic siderite 1.78 20 NA 6.8 [37]

8 Amorphous ferric hydroxide 35.4 5–30 2 4.0 Present
study

GFH⁄⁄ - granular ferric hydroxide.
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presence of nitrate, chloride and carbonate
showed comparatively less interference at pH 4.
The removal efficiency decreased gradually, with
increase of phosphate, sulphate and arsenate con-
centrations, due to the fact that these ions compete
with fluoride ions for the adsorption sites on ferric
oxide surface. Similar findings were reported in the
literature for fluoride removal studies by crystalline
ferric oxide [20]. The degree of decrease in fluoride
removal efficiency with increase of other anion
concentration was found to be: sulphate >phos-
phate > arsenate > carbonate > chloride >nitrate.

3.6. Possible adsorption mechanism

The pH changes were observed during the experi-
mentation, the pH of equilibrated solutions were
increased in the acidic range and decreased in alkaline
range. This indicates that the fluoride adsorption on
ferrihydrite surface is a combination of both anion
exchange and van der Waals forces [30]. The mecha-
nism of fluoride interaction with ferrihydrite surface
is thought to be anion exchange between fluoride and
OH� ions in acidic range. And this is supported by
the rise of pH in acidic conditions. However, sample
also showed adsorption at pH>6, which indicates the
involvement of van der Waals forces. The pHPZC of
the sample was 4.8, which holds back the movement
of fluoride towards adsorbent surface due to columbic
repulsion. Another reason for decrease of adsorption
with increase of pH might be due to strong competi-
tion from OH� ions to F� on active adsorption sites.

The surface characterisation of used ferric hydroxide
was carried out by XRD, FTIR and SEM EDAX analysis.
The FT-IR spectrum for pure and fluoride adsorbed
ferric hydroxide is shown in Fig. 8 (a) and (b). A broad

absorption band at 688 cm�1 for pure ferric oxide in
Fig. 8(a) may be due to Fe–O stretching mode [31]. The
bands at 3,613 and 1,626 cm�1 are typical of HOH
stretching and bending vibrations of water molecules.
The small band at 1,384 cm�1 is due to residual nitrate
in the sample. Visible changes were observed after
fluoride adsorption on ferric hydroxide surface in
Fig. 8(b).

It is clearly observed that the intensity of bands at
3,613 and 1,626 cm�1 significantly decreased in
fluoride adsorbed ferric hydroxide sample. Further,
new bands at 602 and 467 cm�1 instead of single
broad band (688 cm�1) were observed indicating the
formation of new bonding of Fe with fluoride. The
XRD of fluoride-loaded sample had indicated the for-
mation of FeF3. This study supports that the fluoride
interaction on ferric hydroxide surface is partly due to
anion exchange.

The results obtained from SEM and energy disper-
sive X-ray spectroscopy (EDX) spectra of F� adsorbed
ferric hydroxide are given in Fig. 9(a) and (b). The ele-
mental analysis of the selected portion was deter-
mined by quantitative analysis of EDX. Though there
is no visible difference in ferric hydroxide surface, the
SEM–EDX analysis provides direct evidence that the
F� ions are adsorbed on ferric hydroxide surface.
The presence of Si in the elemental analysis of the
adsorbent is due to glass sample holder.

3.7. Regeneration studies

The regeneration studies were carried out by
taking known amount of fluoride bearing ferric
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hydroxide sample (37.55mg of F�/g) in poly propyl-
ene bottles with 25mL of NaOH solution of different
strength (0.025 to 0.5M) for 8 h. The results show
(Fig. 10) that a maximum regeneration of 75–80%

could be obtained with 0.2M NaOH, further regenera-
tion studies with higher concentrations of NaOH
solution did not show much improvement. This
underlines the hypothesis of the chemical reaction
between fluoride and Fe(OH)3 adsorbent. Similar
observations were reported in the literature for fluo-
ride-loaded granular ferric hydroxide (showed 65%
desorption) in alkaline medium with pH>10 [30].

3.8. Removal of fluoride from groundwater

In the state of Odisha, India there are many loca-
tions where fluoride is present in excess of acceptable
limits (>1mg/L) in groundwater. For this study,
water samples were collected from fluoride endemic
districts Nayagarh and Khurda of Odisha. Total 5
groundwater samples were collected using clean plas-
tic bottles from identified tube well, bore well, and
dug well from fluoride endemic villages.

The physico-chemical parameters of the ground-
water samples were analysed and are given in Table 3.
The adsorption tests were conducted without adjust-
ing pH and variable chosen was adsorbent dose by
keeping the contact time as 2 h at ambient tempera-
ture. The fluoride content in the water samples after
treatment was analysed and it was observed that the
requirement of adsorbent to remove fluoride from
groundwater samples was much higher when com-
pared to their requirement for F� removal from syn-
thetic solutions. This is due to high pH values and
presence of other competing anion concentrations in
the groundwater samples. Similar observations were
reported in the literature [32,33]. From these studies
it was found that the ferric hydroxide could reduce
F� levels to < 1.0mg/L from ground water samples
(containing 2–5mg/L F�) at natural pH with dose
variation of 0.3 to 1.2 g/L. The major competing
anions in the groundwater samples were chloride and
sulphate. The analysis of the treated water for chloride
and sulphate showed considerable decrease in their
concentrations (28–40%) depending on the adsorbent
dose. The pH of the groundwater samples was in the
range of 6.9–8.5, which is also another reason for
decrease in fluoride adsorption, resulting in require-
ment of higher amount of adsorbent dose.

3.9. Testing of tap water spiked with fluoride

In order to ascertain whether there was any leach-
ing of iron into the treated water, normal municipality
tap water used for drinking purpose was spiked with
5mg/L of fluoride and was treated with ferric
hydroxide, at natural pH. Various water quality
parameters including Fe were determined for treated

Fig. 9. (a) SEM image of ferric hydroxide after fluoride
adsorption, (b) EDAX spectrum and inset of figure (b):
quantitative analysis of fluoride loaded sample.

Fig. 10. Effect of NaOH strength on fluoride desorption
(time 24h, F� loaded 26mg/g).
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and untreated water and the results are presented in
Table 4. It is evident from the results that the parame-
ters of the water after fluoride removal remained
almost unaltered with slight change in pH. Most
importantly Fe analysis of treated water confirmed
that there was no dissolution of Fe ions into water
during the treatment. The values of various water
quality parameters were compared with Indian Stan-
dard for drinking water [3] and it was found that
most of the values were within the permissible limits
indicating that use of ferric hydroxide for treatment of
fluoride-contaminated drinking water is safe.

4. Conclusions

In the present study, ferric hydroxide was synthes-
ised, characterised and studied for its fluoride
removal efficiency from fluoride contaminated
groundwaters. The sample showed BET surface area
of 231 m2/g and exhibited encouraging results for
fluoride removal from water. The following conclu-
sions can be drawn from the above studies:

(1) The adsorption of fluoride ions on amorphous
ferric hydroxide is highly pH-dependent. The
optimum pH is in the range of 4–5, there after
it showed decreasing trend for fluoride adsorp-
tion capacity.

(2) The fluoride adsorption proceeded through
complex mechanism involving ion exchange
and complexation at the surface. Formation of
new compound FeF3 was confirmed by XRD.
FTIR spectrum of loaded sample showed
additional bands when compared to the spectra
of as-such ferric hydroxide.

(3) The material showed maximum fluoride
adsorption capacity of 35.44mg/g at pH 4. The
fluoride-loaded ferric hydroxide can be regener-
ated (75–80%) with 0.2M NaOH for reuse.

(4) Fluoride-containing groundwater treatment
studies under natural conditions were found to
be encouraging. Ferric hydroxide could reduce
F� levels to < 1.0mg/L from groundwater
samples (containing 2–5mg/L F�) at natural
pH with dose variation of 0.3–1.2 g/L.

(5) The tap water spiked with 5mg/L fluoride was
used to determine the solubility of iron ions
during the fluoride removal process at neutral
pH. The residual concentration of fluoride
was< 1mg/L and the concentration of iron ions
also met the standards of potable water.

(6) Taking into account the high adsorption capac-
ity and the low residual amount of fluoride in
the water, ferric hydroxide can be suitable
adsorbent to treat fluoride contaminated water
to attain drinking standard quality.

Table 3
Analysis of the groundwater samples collected from Nayagarh and Khurda districts of Odisha, India

SC# Location pH PO4
3� mg/L F� mg/ L TH⁄ mg/L NO3

� mg/L Cl� mg/L SO4
2� mg/L

S1 Singhpur Village, DW⁄⁄ 7.15 0.08 3.20 56.85 0.07 388.5 340

S2 Balsinghpur Village DW⁄⁄ 6.89 0.05 4.85 62.50 0.05 436.0 280

S3 Golpokhari, TW⁄⁄⁄ 8.05 Nd 1.8 74.40 0.12 178.0 56

S4 Nilakanta Prasad village TW⁄⁄⁄ 7.58 Nd 2.10 26.00 0.08 290.0 42

S5 Khurda, Morichia village, TW⁄⁄⁄ 7.75 Nd 2.50 36.24 0.24 382.4 68.05

⁄TH-Total hardness; ⁄⁄DW-Dug well; ⁄⁄⁄TW-Tube well; # Sample code; Nd-Not detected.

Table 4
Analysis of water (spiked with 5mg/L of F�) parameters after treatment with ferric hydroxide

Parameters Tap water analysis before
treatment

Tap water analysis after treatment (ferric oxide
dose: 0.5 g/L)

Desirable limits (BIS
10,500:1991)

pH 6.80 6.62 6.5–8.5

Total hardness,
mg/L

79 77 300

NO3
�, mg/L 0.02 nd 45

Cl�, mg/L 42.8 38.5 250

F� (added), mg/
L

5.0 0.85 1.0

Fe, mg/L 0.17 0.21 0.3
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